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Nonlinear inductive response of high temperature superconducting films
measured by the mutual inductance technique
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The dependence of the penetration depthl on current densityJ in an unpatterned superconducting
film can be measured with a pair of small coaxial coils positioned on opposite sides of the film.
Mutual inductance measurements in this configuration with a direct-current~dc! current component
in one of the coils provide a means to determinel(J). It is possible to separate out the effects of
heating by initially trapping a persistent current in the film. The nonlinear~current-dependent!
coefficients ofl(J) measured by this ‘‘dc’’ technique agree well with those measured by third
harmonic generation in coplanar waveguide transmission lines at 5 GHz. This nondestructure
technique could be used to screen films before incorporating them into circuits sensitive to nonlinear
effects. @S0003-6951~99!03226-X#
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In microwave circuits using highTc superconductor
~HTS! thin films an important issue is the occurrence of no
linear effects, such as intermodulation distortion and h
monic generation.1 These effects can be particularly det
mental for applications with large current densities, such
high Q filters or resonators, or high power devices. Ma
observed nonlinear effects can be modeled by assuming
presence of a nonlinear inductance which arises due
current-dependent superconducting penetration depth o
form:2

l2~T,J!5l2~T,O!@11~J/J0!2#. ~1!

Low power third-order intermodulation measurements
resonators made from films of Tl2Ba2CaCu2Oy ~TBCCO!,3

and third harmonic generation measurements of copla
waveguide transmission lines made from YBa2Cu3Oy

~YBCO! thin films4 have been quantitatively described a
suming this form forl(J). The parameterJ0 can then be
used as a figure of merit for quantifying the nonlinear
sponse of a particular material~a larger value ofJ0 yields a
smaller nonlinear response!. However, the values obtaine
for J0 from such nonlinear measurements are meanin
only as long as Eq.~1! is a good approximation forl(J).

In this letter we show that a low frequency, nonconta
ing measurement of unpatterned HTS films can be use
determinel(J). Results of this measurement technique co
firm the suitability of Eq.~1! for describing nonlinear effect
in YBCO samples, and the values obtained forJ0 agree well
with those inferred from microwave measurements. In ad
tion to allowing films to be vetted as to their suitability fo
use in microwave circuits prior to patterning, the values
l(J) obtained by this technique should also enable the p
diction of the nonlinear response of patterned microwa
devices.4

a!Electronic mail: john.claassen@nrl.navy.mil
4020003-6951/99/74(26)/4023/3/$15.00
-
r-

s

he
a

he

f

ar

-

-

ul

-
to
-

i-

f
e-
e

The method used here to extractl(J) has been describe
previously.5 In brief, the penetration depth is measured us
a pair of coils on a common axis positioned on opposite si
of the film. As long as the coil dimensions are sufficien
small compared to the lateral extent of the film, the mut
inductance between them can be shown6–8 to be proportioanl
to l/sinh(d/l), whered is the film thickness. Since the pro
portionality factor can be calculated from the coil para
eters, a mutual inductance measurement yields the abs
value of the penetration depth with resolution that can be
than 0.1 nm in practice.6

A current in either of the coils induces a screening c
rent in the superconducting film. Thus, if the drive coil has
dc current as well as the alternating-current~ac! component
required to measure mutual inductance, the penetration d
of the film in te presence of a dc current is obtained. In or
to generate the largest film current for a given coil curre
the coil closest to the film should be used as the drive co9

The screening current induced in the film has a strong ra
dependence with a maximumJmax centered about the media
coil radius. It has been argued5 that the measured penetratio
depth is mostly governed byJmax; that is, the measured de
pendencel(Jmax) is quite close~but not necessarily identi
cal! to the actuall(J) dependence of the film. In this lette
we represent the current density in the film byJmax

5kIcoil /d, whered is the film thickness and the parameterk
is calculated from the coil geometry to bek51.63105/m. If
Eq. ~1! applies, the change in penetration depthDl
5l(T,J)2l(T,O) resulting from a dc component of co
current is then given byDl5(l/2)(k/dJ0)2(I coil)

2, where
l5l(T,O) and we have assumedJ/J0!1 in Eq. ~1!.

An important practical difficulty is that power dissipate
by a dc current in the drive coil heats up the film, which
turn increases the penetration depth by virtue of its temp
ture dependence. It is not possible to distinguish this eff
from the dependence in Eq.~1! of l on current, since both
depend quadratically on coil current. This was not a probl
for the data reported in Ref. 5, which were taken at lo
3
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temperatures and with low coil current. However, for app
cations of HTS materials, there is an interest in measu
ments around 77 K. Here the heating problem can be sig
cant since the coil resistance is larger,l has a fairly strong
temperature dependence, and the coil current required to
serve an effect is larger.

For measurements of HTS materials, we use a techn
based on the large pinning in HTS films to separate the
fects of heating and film current onl. The sample is cooled
through its transition with a currentI trap in the drive coil. The
magnetic field due to this coil current becomes frozen in
film as trapped flux vortices below the transition, but
macroscopic screening currents develop. This is a w
known result of cooling a superconductor in a field and i
consequence of the large field energy required to expel fi
in this geometry. The film current subsequently is given
Jmax5k(Icoil2I trap)/d, and we expect a current-induced d
pendence of the penetration depth:10

Dl5~l/2!~k/dJ0!2~ I coil2I trap!
2. ~2!

The heating effect as before will depend on power dissipa
in the coil asDlheating;(I coil)

2, where the proportionality
depends on the thermal coupling between coil and film, c
resistance, etc.

Figure 1~a! shows a measurement ofDl as a function of
coil current for a 450-nm-thick YBCO film at 78 K, which
had been cooled with a coil currentI trap525 mA. The mutual
inductance at each dc current level was measured after
mal equilibration with an ac current component of 2.5 mA
a frequency of 10 kHz. These data can be well fitted t
dependenceDl5a(I coil)

21b(I coil2I trap)
2, with I trap525

mA. The coefficient of the current-induced term~b! is

FIG. 1. The change of penetration depthl as a function of dc current in the
drive coil at 78 K, for~a! a 450 nm YBCO film cooled withI trap525 mA in
the drive coil, and~b! a 50 nm YBCO film cooled withI trap52.5 mA in the
drive coil. The lines are fits to the forma(I coil)

21b(I coil2I trap)
21c.
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around 4 times smaller than the heating contribution~a!, yet
the signal-to-noise ratio is good enough to determineb with
an uncertainty of;10%. We can then extract a value o
J05(k/d)(l/2b)1/252.83107 A/cm2. The heating effect in
this example represents the most extreme case among
we have examined. Consideration of Eq.~2! shows that the
coefficientb will be grater for samples with smaller thick
ness or smallerJ0 , while the heating effect~coefficienta! is
proportional todl/dT which is independent of film thick-
ness. In Fig. 1~b! we show data from a 50 nm YBCO film
cooled with a coil currentI trap52.5 mA. The fitted value ofb
is around 6 times greater thana, yielding a more reliable
result forJ053.13107 A/cm2.

In samples withd.l, the current density is not uniform
across the film thickness. For this case we define an ave
current densityJave5kIcoil /d, and the mutual inductanc
measurement gives an average penetration depth (lave). It is
just these average quantities that are relevant in predic
the nonlinear response in a microwave circuit. However,
should not expect the measuredlave(Jave) dependence of a
thick film to exactly mirror the intrinsic dependence of th
material.

To compare the dc measurement ofJ0 with an rf mea-
surement, we prepared three separate series of YBCO fi
by laser deposition. The series differed by either film thic
ness or deposition conditions. One film from each series
measured as described above, while its companions w
patterned into a series of coplanar waveguide transmis
lines and tested for third harmonic generation at frequen
of 3 and 5 GHz. Analysis of these results by the method
Ref. 4 yielded values of the nonlinear scaling current (J0)rf

which were shown not to depend on line length or dime
sions. We found remarkable agreement between the rf an
values ofJ0 : 29, 28, and 18 MA/cm2, compared to 31, 35
and 19 MA/cm2. The first two values are for thicknesses
50 and 400 nm but otherwise identical growth condition
demonstrating thatJ0 does not depend strongly on film
thickness.

Measurements by the dc technique were also perform
on a second series of commercially obtained HTS films p
pared by off-axis sputtering. A 450-nm-thick YBCO film o
a buffered LAO substrate yielded a valueJ0528 MA/cm2

that is quite comparable with the best of the PLD samp
Figure 1~a! shows the data from this film. A second 350-nm
thick YBCO film on a buffered sapphire substrate yielded
substantially lower value ofJ055 MA/cm2. Results from
the third sample, 650-nm-thick TBCCO on a LAO substra
are given in Fig. 2. In this case the nonlinear response
much greater than the estimated heating effect. For comp
son, we also show the deducedDl(J) data from the samples
whose raw data are shown in Fig. 1.

For the TBCCO film, thel(J) dependence is quadrati
only in a very small range of current. Recent measureme
of intermodulation in a microstrip resonator11 fit a depen-
denceDl;uJu12 better thanDl;J2. The resonator was fab
ricated from TBCCO films obtained from a different suppli
than that reported here and thus cannot be directly compa
Nevertheless, it is striking that the inferredDl(J);uJu de-
pendence in Ref. 11 is qualitatively similar to that observ
in Fig. 2.
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The observed values ofJ0 for the YBCO samples can b
compared with the Bardeen–Cooper–Schrieffer~BCS! cal-
culation for the contribution of the quasiparticle backflow
the supercurrent. This predicts a quadratic dependence
Eq. ~1!, andJ0 has been calculated for both the usuals-wave
gap symmetry as well asd wave.2 At a reduced temperatur
T/Tc50.9 the calculation givesJ0514.53107 and 7.5
3107 A/cm2 for the two cases, respectively, where it w
assumed that the pair breaking critical current was 33108

A/cm2.These theoretical values are considerably greater
what is measured in even the best YBCO samples, sugg
ing that the observed values ofJ0 may be attributed to ex
trinsic properties such as planar defects.

In summary, the mutual inductance measurement
predict the inductive nonlinearity of a HTS film in a micro

FIG. 2. The change of penetration depthl as a function of film current
densityJave for the samples of Fig. 1~a! ~solid circles!, Fig. 1~b! ~diamonds!,
and the TBCCO sample~crosses!. In the first two cases the fitted heatin
contribution to the raw data has been removed, and the current de
calculated asJave5k(I coil2I trap)/d. In the last case the estimated heati
effect is negligible and there was no trapped current. The data are o
vertically for clarity.
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wave circuit prior to the patterning and contacting. In ad
tion the measurement gives the penetration depth, whic
needed to calculate the nonlinear response and figures im
tantly in the surface resistance. Heating effects can be dis
guished from a quadratic current dependence of the pen
tion depth by trapping a current in the film. The observ
nonlinearity in the best films is significantly larger than pr
dicted by BCS theory.

The portion of this work performed at the National In
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the Office of Naval Research.
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